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Simultaneous modulation transfer spectroscopy on transitions of multiple
atomic species for compact laser frequency reference modules
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(Dated: 26 September 2018)
We present a technique for simultaneous laser frequency stabilization on transitions of multiple atomic species
with a single optical setup. The method is based on modulation transfer spectroscopy and the signals
are separated by modulating at different frequencies and electronically filtered. As a proof of concept, we
demonstrate simultaneous spectroscopy of the potassium D1, D2 and rubidium D2 transitions. The technique
can easily be extended to other atomic species and allows the development of versatile and compact frequency
reference modules.
I. INTRODUCTION
Lasers, referenced to a well defined frequency like that
of an atomic transition or an ultra-stable optical res-
onator, are key elements in a variety of quantum tech-
nology applications. For instance, atom interferometers1,
optical clocks2 or ion based quantum computers3 require
a number of frequency stabilized lasers, e.g. for laser
cooling and trapping or state interrogation. While tech-
niques for stabilizing lasers to atomic vapor samples are
in general well established4,5 and used in atomic physics
labs around the world, the field application and further
exploitation of aforementioned quantum technologies re-
quires miniaturized, compact and robust technical real-
izations. One key aspect in this context is e.g. the re-
duction of complexity to reduce the probability of failure,
and the reduction of components to decrease the system
size and to limit costs.
One main issue in connection with system size, cost
and complexity is that especially in the case of multi
species experiments, several optical spectroscopy setups
which require independent alignment are run in parallel,
i.e. individual setups for every atomic species and every
atomic transition frequency are usually implemented. To
counter this approach, we have as a proof of concept im-
plemented simultaneous dual species (potassium, rubid-
ium), multi transition line (D1, D2), single beam modula-
tion transfer spectroscopy in a single dual species atomic
vapor cell for three separate lasers. By multi frequency
modulation/demodulation in a Pound-Drever-Hall type4
setup for each laser, we isolate the spectroscopy signals
of the different sources electronically after detection on
a single photodiode and generate the individual laser’s
error signal. The number of involved optical components
is thereby reduced significantly compared to three stand-
alone setups. This approach can easily be extended to
more lasers and more atomic species according to the
needs of the respective application.
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II. EXPERIMENTAL SETUP
To generate an error signal, we employ modula-
tion transfer spectroscopy, the overall approach would
however work just as well with standard frequency
modulation spectroscopy. Modulation transfer spec-
troscopy has been discussed individually for potassium
and rubidium6–9. In order to excite the different opti-
cal transitions simultaneously, three lasers at wavelengths
of 770.1 nm (39K D1), 766.7nm (
39K D2) and 780.2 nm
(85,87Rb D2) are required. To overlap the optical paths
and to induce the required phase modulation of the laser
light, we use a fiber-based system. This also keeps the
experiment clear and compact. A general schematic of
our setup is depicted in Fig. 1.
The light of the three lasers (two home-built DFB
lasers with diodes by eagleyard Photonics and one
TOPTICA Photonics DL pro) is initially coupled into
polarization maintaining fibers. Separation of pump
and probe beam is achieved by 2x2 fiber splitters
(Evanescent Optics 954P). One output port of each of
the three splitters is directly connected to another split-
ter (4x4) for combination of all probe light. Each of the
other ports is connected to a fiber electro-optic phase
modulator (EOM; Photline NIR-MPX800) for frequency
sideband generation. The modulated beams are over-
lapped with another splitter (4x2) to generate the com-
bined pump light for the spectroscopy. With this ar-
rangement, the power ratios between pump and probe
ex fiber are equal, apart from the individual losses of the
EOMs. However, the power ratios can be optimized with
conventional free space optics.
To separate the photodetector signals of the three
lasers, the EOMs are driven at modulation frequencies of
4.5MHz, 11.5MHz and 16MHz. This takes advantage of
standard Mini-Circuits bandpass filter windows between
≈7MHz and ≈15MHz and the frequencies are chosen
such that they are no multiples of each other. The fre-
quencies are generated by three dual-channel direct dig-
ital synthesis (DDS) based frequency generators (Rigol
DG1022) which allow us to adjust the phase between the
local oscillator (LO) and the spectroscopy signal from
the radio-frequency (RF) photodiode. The collimated
beams for pump and probe are guided through a quartz
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FIG. 1. Schematic setup for simultaneous modulation transfer spectroscopy of the potassium D1, D2 and rubidium D2 tran-
sitions. DBM: double-balanced mixer; DDS: direct digital synthesis; EOM: electro-optic modulator; FC: fiber collimator; FS:
fiber splitter; 50/50: splitting ratio; HWP: half-wave plate; LP: low-pass filter; PBS: polarizing beam splitter; PD: photodiode.
spectroscopy cell with conventional free space optics in
a counter-propagating fashion. The vapor cell (Sacher
Lasertechnik VC-K-09-50-Q) is intended for potassium
spectroscopy but also contains atomic rubidium. A
home-built heating around the cell is used to increase the
vapor pressure and hereby the signal strength. The cell
is heated to temperatures around 65◦C at the windows.
The probe beam is detected on a silicon photodiode
with 150MHz bandwidth (Thorlabs PDA10A-EC). The
low- and high-frequency components of the photodiode
signal are separated using a bias-T (Mini-Circuits
ZFBT-6GW+). The low-frequency component
represents the saturated absorption spectrum and
is directly monitored. The high-frequency com-
ponent is split using a three way power splitter
(Mini-Circuits ZFSC-3-1W-S+) and electroni-
cally separated by low, high and bandpass filters
(Mini-Circuits BLP-5+, SHP-20+, SBP-10.7+) ac-
cording to the modulation frequencies. The sig-
nal of each channel is amplified (Mini-Circuits
ZFL-500+), mixed down (Mini-Circuits ZFM-3-S+)
with the corresponding local oscillator and filtered
using a low pass filter with cutoff frequency 1.9MHz
(Mini-Circuits SLP-1.9+).
III. EXPERIMENTAL RESULTS
To show the capabilities of the setup, we fre-
quency scan the three lasers simultaneously across
the atomic transitions in question. When we scan
with ≈470MHz/ms (K D1), ≈1.7GHz/ms (K D2) and
≈1.1GHz/ms (Rb D2) in an appropriate range, we ob-
serve the saturated absorption spectrum as displayed in
Fig. 2 (a). As indicated in the plot, the spectrum is an
overlap of three individual saturated absorption spectra.
In our setup, the relative pump and probe powers of
the different lasers ex fiber are fixed due to the chosen
fiber splitter ratios. The power ratios are optimized with
conventional free space optics. These powers are in gen-
eral a trade-off between power broadening and signal-to-
noise ratio of the associated error signals. For the chosen
trade-off, the D1 and D2 transitions for the most abun-
dant naturally occurring isotope of potassium (39K) can
easily be identified in the saturated absorption spectrum.
For the D2 transition of rubidium, we set the scan range
such that only the F = 2→ F ′ of 87Rb and F = 3→ F ′
of 85Rb set of transitions are displayed to avoid confu-
sion. We use the notation F = x → F ′ for the set of
transitions from state x in the manifold of excited states.
With optimized phases of the respective local oscilla-
tors at the mixers in the high-frequency components of
the photodetector signal, we obtain the desired individ-
ual error signal for each of the three lasers separately
as shown in Fig. 2 (b)-(d). The error signals’ x-axes
are frequency calibrated with the respective absorption
spectrum. The main peak in the error signal of potas-
sium D1 is the crossover transition F = 1, 2 → F
′. As
part of the calibration, this transition is used as zero-
frequency reference. The error signal of potassium D2
shows three peaks which can be identified as the set of
ground state crossover transitions F = 1, 2 → F ′ (at
zero) as well as the set of transitions F = 2 → F ′ (left
peak) and F = 1 → F ′ (right peak). The two peaks in
the rubidium error signal stem from the closed transition
F = 2 → F ′ = 3 of 87Rb (left peak at zero) and the
closed transition F = 3 → F ′ = 4 of 85Rb (right peak).
These signals can now be used for frequency stabilization
with standard servo amplifiers.
By temporarily blocking the light from two lasers at a
time, we can directly compare the error signals of single
and multi species spectroscopy for each species. Taking
the peak-to-peak amplitude of the largest signal divided
by the standard deviation of the noise floor as measure
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FIG. 2. Saturated absorption spectrum and associated error
signals of the potassium D1, D2 and rubidium D2 transitions.
TABLE I. Error signal signal-to-noise ratios (SNR) of single
and multi species spectroscopy for each species.
SNR K D1 K D2 Rb D2
Single species spectroscopy 33 69 109
Multi species spectroscopy 28 59 121
for the signal-to-noise ratio (SNR), we achieve the values
summarized in Table I.
IV. CONCLUSION
We successfully demonstrated a technique for simul-
taneous modulation transfer spectroscopy of multiple
atomic species. Isolating the individual signals by modu-
lating at different frequencies and electronic filtering, we
were able to generate three error signals at the potas-
sium D1, D2 and rubidium D2 transitions. The ob-
tained signals are comparable to former frequency refer-
ence modules10–12 used for different space missions. Our
concept is especially applicable in dual species experi-
ments using potassium and rubidium atoms13,14, taking
new hybrid cooling schemes15–17 into account by includ-
ing the potassium D1 transition. Our technique can eas-
ily be extended to other atomic species.
At the same time, our technique only requires a sin-
gle optical setup saving optical components and weight,
and reducing complexity. This allows the development
of compact frequency reference modules for experiments
with multiple atomic species. The approach is for in-
stance ideally suited for an implementation in highly sta-
ble ZERODUR R© based optical benches18 for space or
other field applications.
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